MDCK cells are widely used to study the differential targeting of membrane transporters to apical and basolateral membrane but its canine origin limited the commercial tools available for the analysis of protein trafficking machinery. Because apical and basolateral membranes are only found in differentiated epithelial cells, genes critical for differential targeting may be specifically up-regulated upon MDCK cell differentiation. To search for these genes, a cross-species screening strategy was used. We first analyzed the human microarray data for protein trafficking-related genes that were up-regulated in colon carcinoma Caco2 cells upon differentiation. The results of mouse 44K gene expression microarray analysis were then used to extract additional candidate genes that showed higher expression in normal colon epithelium compared to primary embryonic fibroblasts. Finally, NCBI genomic sequence information was used to design RT-PCR primers for 13 candidate and 10 negative control genes and used to analyze MDCK cells at 2, 13 and 17 days after seeding. To determine whether the gene up-regulation was specific in epithelial differentiation, we also performed RT-PCR on rat non-differentiating intestinal IEC-6 cells and mouse C2C12 cells, a differentiating myoblast model. Of the 13 candidate genes, 3 genes, SDCBP2, KIF12, KIF27, met all criteria of specific up-regulation in differentiated MDCK cells. In addition, KIF13A showed up-regulation in differentiated MDCK and C2C12 cells but not in IEC-6 cells cultured for the same duration. The functions of these genes need to be analyzed in the future. This cross-species screening strategy may be useful for other non-human, non-rodent cell models.
Introduction
Epithelial cells are responsible for the material exchange between multi-cellular organisms and the environment [1] . For example, membrane transporters in the intestine and kidney epithelial cells are in charge of the unidirectional nutrient absorption/reabsorption as well as the foreign chemical and waste secretion [2e5] . To accomplish these specialized functions, differentiated epithelial cells have two plasma membrane domains: an apical membrane facing the luminal environment and a basolateral membrane facing the interior of the organism [2] . Many membrane transporters are targeted differentially to these two domains upon the formation of tight junction [6e10] . Although peptide signals for the differential targeting have been studied extensively [7, 11] , only limited information is available on the trafficking machinery. Because luminal and basolateral bifurcation is only present in differentiated epithelial cells, it is likely that epithelial cell type will have a unique set of gene expression for the differential targeting. Furthermore, the genes involved in the differential targeting may also increase their expression during epithelial differentiation, either in a sustained or transient way that may start at early or late stages of the differentiation of the epithelia.
The cell line MadineDarby canine kidney (MDCK) is the most widely used epithelial model [12, 13] . The strengths of this model include its origination from normal kidney and its spontaneous differentiation [14] . MDCK cells develop apical/ basolateral polarity and tight junctions [15e17] , structure that constitutes the frontier between the two plasma membrane domains as well as a fence that avoids the lateral diffusion of components of one membrane domain to the other [18, 19] . Although it is ideally suited to examine the machinery that targets transporters to apical and basolateral membrane, limited endogenous gene expression information is available for MDCK cells. The canine origin of the cell line has limited the availability of commercial tools. For example, the latest Affymetrix Canine array was based on 2005 Canis lupus familiaris genome information. In addition, the presence of canine gene transcripts was mostly predicted without experimental validation.
This study demonstrated the use of available non-canine gene expression information to predict genes that are upregulated during the differentiation of canine epithelial cells but not during long-term culturing of non-differentiating epithelial cells or during the differentiation of muscle cells. One focus was on gene families that are known to play roles in the protein targeting such as GTP-binding member RAS oncogene family (RAB) [20, 21] and kinesin gene family (KIF) [22, 23] . The cross-species prediction has reasonable accuracy as expected from evolution conservation. Three genes, SDCBP2, KIF12 and KIF27, meet the criteria. Our results also indicate the expression of 16 previously predicted canine genes in MDCK cells.
Materials and methods

Materials
All cell culture reagents were from Invitrogen Corp. (Carlsbad, CA) except characterized fetal bovine serum purchased from Hyclone, USA (Logan, UT). All other chemicals used were of reagent grade. Primers used for RT-PCR were custom-synthesized by Eurofins Genomics (Huntsville, AL).
Gene expression microarray analysis
The workflow of the entire study is shown in Fig. 1 . Twocolor gene expression microarray data are available for human colon carcinoma cell line, Caco2 [24, 25] (NCBI GEO DataSets Accession: GSE7442). We compared the level of gene expression between pre-confluent Caco-2 cells (day 1 and 2 post-seeding) (n ¼ 4 total) and differentiated Caco-2 cells (day 14 and 21 post-seeding) (n ¼ 3 for each time point). Results from two sets of mouse single-color gene expression arrays (4 Â 44K, Agilent Technologies) described in our previous publications were also compared: primary mouse embryonic fibroblasts (MEF) (representing non-epithelial cell type) (n ¼ 6) [26] , and mouse proximal (ascending) colon epithelium (n ¼ 9) [27] . The two sets of mouse array were prepared, processed and analyzed by the same facility [26, 27] . Some genes were in multiple features within the array and our crossarray comparisons were all made between signals from matching features. Non-normalized array signal intensities were used for the comparison.
Cell culture and RNA extraction
Three cell lines for RT-PCR were used based on their origination and their biological properties. None of the cell lines were originated from tumors. Canine MDCK cells were used as the model for differentiating epithelial cells [12e14] while rat intestinal IEC-6 cells as the model of nondifferentiating epithelial cells [28] . Mouse skeletal muscle C2C12 cells was chosen as the model of differentiating cells from a different embryonic layer [29] . All cells were cultured following our previous publication in 6-well plates [6, 30, 31] . Day 2, 13 and 17 were chosen for gene expression analysis based on our past studies with MDCK cells. MDCK cells were sub-confluent at 2 days after seeding at 1 Â 10 4 cells/cm 2 . Domes in the monolayer, a late sign of tight junction and cell polarity development, started to appear at 4 days after seeding. We observed polarized distribution of membrane transporters in MDCK cells between 13 days and 17 days after seeding For the mouse tissue analysis, 6 mouse primary embryonic fibroblast arrays were compared to 9 mouse proximal colon epithelium arrays. For all culture cells, cells at D2 after seeding (n ¼ 3) were compared to D13 (n ¼ 3) and D17 (n ¼ 3) after seeding. MDCK and C2C12 cells were well differentiated at D13 and D17 after seeding. [6, 7, 11, 32] . For comparison, IEC-6 cells and C2C12 cells were also cultured and harvested at 2 days, 13 days and 17 days after seeding. By adjusting the seeding density to 2 Â 10 3 cells/cm 2 for C2C12 cells and 2 Â 10 4 cells/cm 2 for IEC-6 cells, all three cell lines were sub-confluent at 2 days after seeding and reached 90e100% confluence at around 4 days after seeding. Different from MDCK cells, IEC-6 cells did not show any dome formation even at 17 days after seeding. The fusion of C2C12 myoblasts started at 4 days after seeding, which led to the formation of well-organized multinucleated myofibrils by Day 13 and 17 [29] . For all cell lines, RNA extraction was performed following the manufacturer's protocol (MasterPure RNA purification kit, Epicentre, Madison, WI, USA). All extracted RNA samples had OD 260 to OD 280 ratios greater than 1.9 and 28S rRNA bands (stained by ethidium bromide) nearly twice as strong as those of 18S rRNA. RNA concentrations in samples were determined by OD 260 . Protein concentrations in similarly cultured cells were also determined using a modified Lowry assay [33] . Triplicate samples at each time points were from three independent wells of cells.
Known tissue presence, canine genome annotation, and primer design for RT-PCR
The UniGene database was used to obtain the information on the presence of these genes of interest in kidney and intestinal tissues across several mammalian species. The database also provided information on the status of each gene, predicted or known expression, in the canine genome. Canine RT-PCR primers were designed based on CanFam3.1 assembly (build released 2012) for 23 genes and the control GAPDH ( Table 1) . The known or predicted mRNA sequences of selected genes in the C. lupus familiaris genome were first obtained through UniGene in NCBI website. BLAST was then applied to identify all known and predicted transcript variants. Cross-species BLAST was also used to determine the likely transcripts in the C. lupus familiaris genome. The common exons among the transcript variants of each gene were used for the primer design with Primer-BLAST. PCR primer pairs were all designed to amplify sequences across several introneexon junctions, and the PCR products ranged from 300 to 1000 bp in sizes (Table 1) . To perform RT-PCR on rat IEC-6 cells and mouse C2C12 cells, additional primers were designed from the genomes of Rattus norvegicus and Mus musculus ( Table 1 ). The rodent primers were all from the same region of the genes as the MDCK primers (Table 1) .
Semi-quantitative PCR analysis
cDNA was all synthesized using oligo(dT)15 primer (#C1101, Promega Corp., Madison, WI, USA) and Omniscript Reverse Transcription Kit (#205111, Qiagen Corp., Hilden, Germany) following the manufacturer's instruction. All RT reactions were carried out with 2 mg total RNA/20 ml reaction. PCR reactions were performed with GoTaq G2 Hot Start Colorless Master Mix (#M7432, Promega Corp) following the manufacturer's instruction. All PCR reactions were carried out with 3 ml properly diluted cDNA/25 ml reaction. For all PCR reactions, the following conditions were used: lid temperature 105 C; initial denaturing: 95 C, 5 min; each cycle, denaturing: 95 C, 1 min, annealing: 57 C, 1 min, extension: 68 C, 2 min; final extension: 68 C, 15 min. PCR products and molecular weight markers were visualized in the ethidium bromide-containing 2% agarose gels using Gel Doc EZ Imager (Bio-Rad) and quantified by ImageJ64. All PCR reactions yielded bands at the expected size. Within each cell type, RT reactions of all RNA samples were carried out at the same time using the same batch of master mix. Three independent RNA samples per time point yielded three independent cDNA samples. A single batch of cDNA was serial diluted and used for the PCR reactions of all genes. Preliminary studies were carried out for each gene to determine the cDNA dilution and PCR cycle number that would yield non-saturating concentrations of PCR bands for samples from all three time points of culturing. The folds of cDNA dilution and cycle numbers of PCR reaction were shown in the Supplemental Table 1 . For the final quantitative comparison, all nine PCR reactions of a gene in a cell line (from three time points with three independent cDNA samples per time point) were carried out in the same PCR run. These nine PCR products were visualized in the same gel.
Statistical analysis
For Caco-2 array analyses, GEO2R at the NCBI website was used to compare the expression level in subconfluent cells with that in cells at 14 days after seeding; and to compare the expression level in subconfluent cells with that in cells at 21 days after seeding. For the mouse array analyses, Student's t test was used to compare the expression in MEF and colon epithelium. For RT-PCR, One-way ANOVA was performed to determine the effect of culture days (2, 13, and 17 days) using Bonferroni/Dunn test for the post hoc multiple comparison. A significant effect was defined as p < 0.01 in all tests.
Results and discussion
Prediction based on microarrays of Caco-2 cells and mouse MEF and colon
For the sodium-dependent vitamin C transporter (SVCT) family, SVCT1 was targeted to the apical membrane while SVCT2 was targeted to basolateral membrane in both differentiated Caco-2 cells and MDCK cells [6, 7] . Thus, intestine and kidney epithelial cells likely have similar membrane protein targeting machinery. Based on this hypothesis, we decided to use existing intestinal microarrays to identify the protein targeting machinery in MDCK cells, the non-tumor epithelial cell model that will eventually allow functional analysis of the targeting machinery.
From the Caco-2 microarrays, we first identified 135 genes that showed significant differentiation-related up-regulation in Day 14 and Day 21. These 135 genes included genes that had The expression in the intestine and kidney is confirmed by experimental evidences from a variety of mammalian species listed in the UniGene database. b Genes belong to the "yes" category if the presence in canine genome has been experimentally validated. Otherwise, primer design was based on the predicted transcripts in the canine genome. c IEC6 and C2C12 primers were designed based on validated Rattus norvegicus or Mus musculus genes.
not been named as well as redundant detection of the same genes in different parts of the array. After sorting to remove the unknowns and redundant ones, we found that 80 known genes showed differentiation-associated up-regulation (Supplemental Table 2 These five genes were also shown to express in the normal intestine and kidney tissues ( Table 1 , first data column). We then compared the expression levels of these five genes between mouse colon epithelium and MEF in the microarray analysis. The genes that are involved in the epithelial membrane protein targeting would expect to have higher expression in the colon epithelium than in the fibroblasts. Indeed, three genes, MYLK, MYO7B, and SDCBP2, showed significantly higher expression in colon epithelium compared to in MEF (Table 2 , comparing the first and second data columns). The 80 up-regulated genes in differentiated Caco-2 cells did not include any family members of KIF or RAB, important proteins in protein targeting/trafficking [20e23] . When the colon and MEF arrays were compared, out of total 35 KIF members in the mouse array, we identified five KIF members, KIF5A, KIF12, KIF13A, KIF21A and KIF27, which showed significantly higher expression in the colon epithelium (Table 2 , comparing the first and second data columns). Of the 53 RAB members in the mouse array, we identified five, RAB15, RAB19, RAB25, RAB27A and RAB27B, that showed significantly higher expression in colon compared to in MEF (Table 2 , comparing the first and second data columns). All these KIF and RAB genes were also found to express in normal intestine and kidney tissues (Table 1 , first data column). These mouse array studies were originally designed to determine the treatment effects of nutrients [26, 27] and none of the genes that we examined were affected by these nutrient treatments. This is consistent with the expected role of these genes as part of the general protein trafficking machinery.
RT-PCR analysis of MDCK gene expression
Altogether, we experimentally examined the expression of 23 genes in MDCK cells plus the control GAPDH. The 23 genes include the 13 candidate genes ( Table 2 ) as well as 10 negative control genes (Supplemental Table 3 ). They were all expressed in the intestine and kidney tissues ( Table 1 , the first data column). While the candidate genes showed higher expression in the colon epithelium compared to the fibroblasts, the negative control genes had either similar expression or lower expression in colon epithelium when compared to MEF. Two previous MDCK studies used canine arrays for 5573 and 16,145 genes, respectively, to examine the effects of hepatocyte growth factors [39] and to determine the expression of membrane transporters and cytochome P450 enzymes [40] . This study is the first systemic analysis of endogenously expressed RAB and KIF family members in MDCK cells during differentiation.
Prior to our RT-PCR, only 7 of the 23 genes were experimentally validated in canine cells (Table 1, the second data   Table 2 Using differentiating and non-differentiating cell lines for RT-PCR analysis of genes that showed significantly higher expression levels in colon epithelium compared to fibroblasts. b These gene expression microarrays used cDNA prepared from mouse embryonic fibroblasts (MEF) or from colon epithelium (Colon). The differences between two groups are significant at p < 0.01.
c These gene expression analyses used cDNA of MDCK cells (canine kidney epithelium-origin) at Day 2 after seeding (prior to differentiation) and Day 13 and 17 after seeding (differentiated); IEC-6 cells (rat intestinal epithelium-origin but non-differentiating) after the same interval of culturing as other two cell lines; C2C12 cells (mouse skeletal muscle-origin) at Day 2 after seeding (prior to differentiation) and Day 13 and 17 after seeding (differentiated). column), the expression of the rest 16 genes is now supported by our data. Some RT-PCR bands from our MDCK analysis were also extracted and sequenced and the sequencing results all matched with the prediction. A representative gel for MDCK gene expression analysis is shown in Fig. 2A . The expression of GAPDH was not different from Day 2, 13 to 17, and hence the PCR band intensities of GAPDH were used for the normalization. The normalized gene expression levels are shown in Table 2 and the Supplemental Table 3 (the third to fifth data columns). Of the three genes that we initially identified through Caco-2 array analysis and showed higher expression in colon, two, MYO7B and SDCBP2, showed increased expression in differentiated MDCK cells.
All five KIF members, KIF5A, KIF12, KIF13A, KIF21A and KIF27, that had higher expression in colon also showed increased expression in Day 13 differentiated MDCK cells ( Table 2 , the third to fourth data columns). However, KIF21A showed a decreased expression upon further culturing. At Day 17, the level became similar to that of the Day 2 ( Table 2 , the third and fifth data columns). This drop was not observed for the other 4 KIF genes in Table 2 . Of the five RAB members that had higher expression in colon, only RAB27B showed more expression in differentiated MDCK cells. Other RAB members showed no change and RAB27A even had decreased expression upon differentiation ( Table 2 , the third to fifth data columns). Of the 10 negative control genes in Supplemental Table 3 , EXOC2, KIF1A, KIFAP3 and RAB5A had increased expression in Day 13 MDCK cells but the expression dropped at Day 17 for EXOC2 and KIF1A (Supplemental Table 2 , the third to fifth data columns).
Comparison of MDCK, IEC-6 and C2C12 cells
Of the genes in MDCK cells that showed expression increases from the subconfluent state (Day 2) to Day 13 and 17 after seeding, we wanted to distinguish expression changes that were specific to epithelial differentiation from those changes resulting from an increase in the culture duration. To this end, these MDCK differentiation-related genes were also analyzed in non-differentiating intestinal IEC-6 cells and myobalst C2C12 cells (Table 2 , data column 6-11). These three cell lines grew comparably under our experimental condition. MDCK cells had total protein content per well (n ¼ 3e6 independent wells, mean ± SD) of 0.228 ± 0.009, 1.20 ± 0.04, and 1.11 ± 0.02 mg at 2 days, 13 days and 17 days after seeding. At the same three time points, IEC-6 cells had 0.114 ± 0.002, 0.772 ± 0.025 and 1.27 ± 0.05 mg protein per well and C2C12 cells had 0.025 ± 0.002, 1.76 ± 0.04 and 2.09 ± 0.09 mg protein per well.
Representative gels for IEC-6 and C2C12 gene expression analysis are shown in Fig. 2B and C. The expression of GAPDH was not different from day 2 to day 17 in IEC-6 and C2C12 cells, and thus was also used for the normalization. Of the candidate genes analyzed that showed increased expression in differentiated MDCK cells, three genes, SDCBP2, KIF12 and KIF27 appeared to have up-regulation specific for MDCK cells (Table 2 , bold). SDCBP2 and KIF27 were not detected in IEC-6 cells while KIF12 and KIF27 were not detected in C2C12 cells. Some of the negative control genes in Supplemental Table 3 such as EXOC2, KIF1A, and KIFAP3 also showed up-regulation specific for MDCK cells. Different from SDCBP2, KIF12 and KIF27, EXOC2, KIF1A, and KIFAP3 did show detectable expression in both IEC-6 cells and C2C12 cells.
Other genes
We also considered the possible importance of other genes in differential targeting by systemically comparing the results of mouse colon epithelium and embryonic fibroblast gene expression arrays as we did in Step 1 (Fig. 1) . Of the 44K features that we compared, 6282 features showed significant differences between colon epithelium and embryonic fibroblasts in the expression levels. Of them, 1572 known genes including those that we already analyzed showed significantly higher expression in colon epithelium than fibroblasts at p < 0.01. After further examination of the known function and localization of the 1572 genes, we found some additional genes that may merit further analysis as shown in the Supplemental Table 4 .
Significance and alternative explanations of discovery
Overall, our discovery adds new information to the limited knowledge on these protein trafficking-related genes. Among genes that we found specific changes in expression upon epithelial differentiation, SDCBP2 [38] proteins were previously found to play trafficking roles in MDCK cells. KIF12 was implicated in the polycystic kidney disease [41, 42] . KIF27 knockout led to congenital hydrocephalus [43] and this is the first study analyzing the expression in epithelial differentiation. Our observation also provides new insight into KIF5A, a gene with increased expression upon prolonged culturing of all three cell lines (Table 2 ). KIF5A was not previously examined for epithelial cells but was a known neuronal motor [44] involving in hereditary spastic paraplegia [45] . In addition, KIFAP3 was previously found to be part of the mitotic apparatus [46] and thus explains its higher expression in MEF than in colon (Supplemental Table 3 , first data group).
Embryonic fibroblasts and colon epithelium have large functional and morphological differences. For example, of the 1572 known genes that showed higher expression in colon epithelium, many of them are transporters and metabolic enzymes. It is possible that SDCBP2, KIF12 and KIF27 that we identified here only contribute to the morphological but not functional differences between fibroblasts and epithelium. The analyses we performed, both microarray and RT-PCR, examined the mRNA levels. The gene expression results need to be confirmed by protein level measurement. Unfortunately, very few commercial antibodies have been validated for canine proteins. Direct functional analysis such as gene knock-out or knock-down may be the only way to verify the proposed functional role in polarized protein targeting.
